High energy jets in the Earth’s magnetosheath: Implications for plasma dynamics and anomalous transport by unknown




The region downstream of a supercritical collision-
less shock, the magnetosheath (MSH), is known to be
in a highly disturbed turbulent state [1–3]. The undis-


















 ~ 15. At the Earth’s bow shock (BS), the SW






 < 1, thermalizes, and,
when entering the MSH, is compressed by roughly a
factor of 4. The flow downstream of the BS is highly
disturbed and turbulent. However, the MSH is not spa-
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tionarity. It remains not fully developed, intermittent,
and structured in time and space. In this framework,
high-energy density jets have been observed in the past
in the magnetosheath [1, 5]. As a development of such
earlier studies, we have found more than 140 events of
an anomalously high kinetic energy density in the MSH


























ized by the bursts of an extraordinarily high ion flux and
kinetic energy density.
Figure 1 shows an example of the intermittent MSH




 on March 29, 1996.
 
High Energy Jets in the Earth’s Magnetosheath:
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 show that the magnetosheath kinetic energy density during more than one hour exhibits an average level and
a series of peaks far exceeding the kinetic energy density in the undisturbed solar wind. This is a surprising find-
ing because the kinetic energy of the upstream solar wind in equilibrium should be significantly diminished
downstream in the magnetosheath due to plasma braking and thermalization at the bow shock. We suggest
resolving the energy conservation problem by the fact that the nonequilibrium jets appear to be locally super-
imposed on the background equilibrium magnetosheath, and, thus, the energy balance should be settled glo-









are accompanied by plasma superdiffusion and suggest that they are important for the energy dissipation and
plasma transport. The character of the jet-related turbulence strongly differs from that of known standard cas-
cade models. We infer that these jets may represent the phenomenon of the general physical occurrence
observed in other natural systems, such as heliosphere, astrophysical, and fusion plasmas [2–10].































The thin line shows the plasma flux measured by the
onboard Faraday cup instrument [5] with a time resolu-
tion of 1/16 s. The plasma flow provides direct esti-
mates for the plasma transport (cf. Fig. 4). The thick





dashed line represents a proxy for the MSH flow from
the MHD prediction. One can see a number of ion flux
spikes much higher than the equilibrium MSH flow
(dashed line). Excluding the jets, the observed flux
appears to be lower than expected in the MSH by a fac-
tor of ~1.5, since it roughly matches the SW flux. Sim-
ilar matching to the SW flux has been found in the mid-









Thus, the jets look to carry the flux difference, provid-
ing the flow balance towards the MHD prediction.




































 from 09:00 to 11:00 UT on March




 entered the magnetosheath
inbound from the SW close to the southern magneto-
spheric cusp region. This MSH crossing has been ana-
lyzed previously in view of the reconnection in the
MSH at scales of ~100 km corresponding to thin cur-
rent sheets [12], while, here, we concentrate mostly on




enters the MSH from the SW at about 09:35 UT. The




 spacecraft outside the fore-
shock at this time was very quiet with a kinetic energy





by the thick curve in the lower panel. The SW can be














). The average SW







































. Compared to the SW (first 5 min on the
left-hand side of Fig. 2), the MSH plasma exhibits an
extremely high level of fluctuations. As shown in the






 peaks result from a com-










 and are usually domi-




, corresponding to plasma compres-
sions moving at enhanced MSH speeds. After 11 UT,
the level of MSH fluctuations greatly decreased, while
the upstream solar wind plasma parameters did not
change significantly.
Figure 3 shows the probability density functions
(PDFs) of the MSH kinetic energy density for the
09:40–10:40 UT period, i.e., the central part of Fig. 2






 peaks, and for 11:00–
11:54 UT (the points on the dashed line), which we use
as a reference period for a quieter MSH. It is clear that
the two MSH regimes are completely different, while
the solar wind energy density was the same in the two
cases. A Gaussian equilibrium distribution is found to
fit the “quiet” 11:00–11:54 UT PDF (dashed line). Con-
versely, for the 09:40–10:40 UT period, the PDF shows
a clear non-Gaussian shape with a tail extending to very




 (Thin line) ion flux in the turbulent boundary layer











 GSM on March 29, 1996. The thick line














 flux multiplied by 1.5 is also shown by the








 MSH crossing of March 27, 2002 (see the










). Panels (a)–(c) show a 4-s res-































. Panel (d) shows




 in the solar





















horizontal thick line in panel (a) corresponds to the vertical
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try of the 09:40–10:40 UT PDF points towards the pres-
ence of an extra nonequilibrium contribution arising
from the plasma jets: a Gaussian fit, similar to that of
11:00–11:54 UT PDF, can be performed only for the
left-hand side (Wk < 6 keV/cm3) of the 09:40–10:40 UT
PDF (solid curve), whose peak  and variance σG are





sity is marked as a vertical dashed line, which falls
above all of the PDF points for the 11:00–11:54 UT
period. Therefore, it looks reasonable to consider the
Wk = 6.7 keV/cm3 threshold as the maximum kinetic
energy density, which one should expect for the equi-
librium MSH plasma between 09:40 and 10:40 UT and
draw it as a horizontal line in Fig. 2a. We note that the
0 < Wk < 6.7 keV/cm3 interval contains more than 68%
of the Wk values and that the chosen threshold is
~1.5 WkSW (where WkSW is the SW kinetic energy den-
sity).
Turning back again to Fig. 2, we notice that the thick
threshold line is exceeded by quite a number of peaks
in Wk by a factor of up to 3. In the following, we con-
centrate our analysis on such peaks, which we call
“high-kinetic energy density plasma Jets” (HKPJ). This
definition is based on a much higher threshold in the
kinetic energy density than for the earlier published
cases of enhanced MSH flows [1, 4].
Under the stable SW conditions monitored by
WIND, this quantitative definition infers that all HKPJs
be of an MSH or BS origin. The close inspection of the
peaks has led to a count of 83 HPKJs during the period
under study, having an average duration of 28 s (i.e.,
~6000 km). In 77 cases, a velocity increase relative to
the ambient MSH is also seen. In 26 cases, density
enhancements are seen close to the HKPJ edges sug-
gesting a piling up of the ambient MSH plasma. In 57
cases, the N and V peaks do not coincide. The Wk peak
corresponds in time to the N(V) peak in 29 (10) cases.
Fig. 3. Semi-log plot of the probability density functions
(PDFs) of the MSH kinetic energy density Wk for two peri-
ods: (points with error bars) 09:40–10:40 UT and (points on
the dashed line) 11:00–11:54 UT. The dashed and solid line
are Gaussian best fits of the 11:00–11:54 UT PDF and of the
09:40–10:40 UT PDF left side (Wk < 6 keV/cm3), respec-
tively. The vertical dashed line indicates the threshold cho-
sen for the detection of jets.
Fig. 4. (a) Relative exponent ζ(q)/ζ(4) dependence on its order q for the Interball-I (TBL ion flux, MSH Bx, TBL Bx), Cluster 3
(TBL |B |, C3), and Geotail (Bx, SW) data (see the respective symbols in the right-bottom corner and the text for details). The solid
line is the Iroshnikov–Kraichnan scaling q/4 [23, 24]. The dashed line is the log-Poisson model of the She–Leveque modified in the
MHD case to account for the IK phenomenology [27]. (b) Dependence of the scaling ratio ζ(q)/ζ(3) on its order q versus that of
Kolmogorov K41 (a dashed line) and that of the log-Poisson She-Leveque model (SL, [28]) describing the developed 3D turbulence
(a solid line). The symbols in the right-bottom corner mark different experimental signals for the Interball-I (TBL ion flux, MSH
Bx, TBL Bx) and Geotail (Bx, SW) data.
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We note that a part of the SW kinetic energy trans-
forms at the BS into the thermal one, yielding a
decrease of the kinetic energy density WkSW ~
4.5 keV/cm3, which one can compare with 〈Wk〉 ~
6 keV/cm3 (with the standard variance σ = 2.6) in the
disturbed MSH. We address this paradox as follows: the
equilibrium MSH subpopulation with 〈WkMSH〉 ~
4 keV/cm3 (see dashed line Fig. 3) is superimposed by
the transient jets, having Wk > 6.7 keV/cm3 and respec-
tive measured (WkJ) ~ 9 keV/cm3 (σ ~ 2.4). Thus, one
gets approximately the measured average value 〈Wk〉
for the mixture of equilibrium and nonequilibrium sub-
populations. Really, this is not a simple mixture of non-
interacting plasmas, since, in the disturbed region, the
parallel and perpendicular ion temperatures are equal
and have a much wider spread into the lower magnitude
region, while, in the quiet MSH, the perpendicular tem-
perature strongly dominates (not shown). The jets most
probably are transient both in space and time (cf.
Figs. 1–3); thus, the energy conservation should be set-
tled only on a time interval over several characteristic
time intervals for the jets and only at a spatial scales
comparable with the entire dayside MSH. The latter
conforms to the fact that the ion flux near the magneto-
pause (see Fig. 1) has the background level much below
the MHD proxy, contrary to the ion flux at 09:40–10:40
UT (cf. Fig. 2) being on average about 1.5 times higher
than its MHD proxy from the SW WIND data (not
shown). That is, the flux closer to MP (recall that Fig. 1
also includes about 10 such cases mentioned above)
can be considerably smaller than the MHD proxy, while
the flux just inside BS could conversely exceed the
MHD proxy. For a further quantitative check of this
point, one needs to find a fortunate case in the Cluster
and THEMIS data and run MHD model.
Considerations, similar to that of Wk, are valid also
for the respective Mach numbers Mms: between 11:00
and 11:20 UT, 〈Mms〉 ~ 1 (σ ~ 0.5); between 09:42 and
11:00 UT, 〈Mms〉 ~ 1.34 (σ ~ 0.27). The latter suggests
that a supermagnetosonic population with Wk >
6.7 keV/cm3 and 〈Mms〉 ~ 1.62 with σ ~ 0.25 adds to that
with low Mms giving the above-mentioned average
value.
Further to the analysis we carried out for Wk >
6.7 keV/cm3, we concentrated on 33 stronger HKPJs
having Wk > 10 keV/cm3 (i.e., >1.5σ over the 〈Wk〉 in the
MSH), for which we studied the distribution of angles
α = asin(Vz/|V |) and found that for 36% of the cases V
was deflected from the average MSH flow towards the
MP by >16°, while for 12% of the cases V was
deflected by >34°. The strongest HKPJs have 〈Wk〉 ~
16 keV/cm3 and a characteristic scale ~6 s, i.e., 1000–
1500 km, which correspond to 3–11 proton gyroradii.
Namely, these strongest HKPJs represent the most dis-
tinguishable new entities to which this Letter is
devoted. It is most interesting to check the magnetic
signatures of the HKPJs (displayed by the lower solid
line in Fig. 2d). The magnetic pressure Wb is very low
during this passage of the MSH and is completely neg-
ligible compared with the kinetic energy density, in par-
ticular, when compared with Wk in the jets. Moreover,
in most of the observed jets, the magnetic field
increases do not coincide with the jet maxima, nor does
the magnetic pressure exhibit a minimum in the jet cen-
ters (which would be required for a plane current layer).
This makes it difficult to associate the jets uniquely
with thin fast-current sheets [13]. The important con-
clusion from this comparison is that a reconnection
cannot be the cause of the HKPJs simply because there
is no sufficient energy stored in the magnetic field.
The observation of such high energy density jets in
the intermittent turbulence of the MSH plasma [13]
poses a serious problem to understanding the possible
mechanisms of their formation. In this regard, we note
that the dynamic interaction in the MSH plasma, which
is bounded at one side by the BS and at the opposite
side by the MP, is nonuniform and intrinsically tran-
sient, since the plasma is still evolving from the
shocked to a statistically equilibrium turbulent state.
During the course of this evolution, it seems that pro-
cesses may occur which concentrate the free energy in
the still underdeveloped turbulence and focus the
plasma into jets of a very high kinetic energy density in
a way that is relatively independent of the state of the
upstream SW. It is also probable that such processes are
favored by the presence of moving boundaries [4]. How
this proceeds, with an ion kinetic energy increase inside
the jets being comparable with an ion temperature drop
(cf. [18]), remains unclear. To that extent, we first recall
a mechanism based on an inertial-drift plasma acceler-
ation by nonuniform electric field structures [1, 4, 19]
almost standing in the MP frame, which can account for
the enhanced-jet velocities. Such structures constitute
wave interference patterns in the MSH [19] with an
electric field forcing the incident flow into an equilib-
rium state that adjusts for the presence of the moving
boundaries [4] and transfers the momentum down-
stream the MSH by means of the jet formation.
Now, we would like to discuss in further detail the
implications of the HKPJs for the turbulence and trans-
port characteristics. As mentioned above, the substan-
tial part of the HKPJs in Fig. 2 can hit the MP, and all
such HKPJs with Wk > 6.7 keV/cm3 pierce through the
downstream MP (cf. [30]), having a total pressure
(magnetic + thermal) well below 6 keV/cm3. In addi-
tion, we suggest that such jets, detected in front of an
MP (see Fig. 1 and [1]), with their specific statistical
properties could provide the respective diffusion-like
transport across the MP. Thus, further on we make use
of the statistical properties of different signals in the
extended regions with HKPJs (cf. Figs. 1, 2) to explore
the transport properties (self-similarity scalings) in this
important region.
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The statistical properties are studied by analyzing
the structure functions (i.e., the moments of the proba-
bility distribution function (PDF); see Fig. 3 and, e.g.,
[6]) of different orders of q versus time lag τ from the
experimental time series X(t): Sq(τ) = 〈|δτX(t)|q〉,
δτX(t) = X(t + τ) – X(t), where 〈…〉 stands for the statis-
tical averages, from the experimental time series X(t). A
statistical self-similarity of the type Sq(τ) ~ τζ(q) can be
expected; m is the inertial range. For the isotropic fully
developed 3D turbulence (described by Kolmogorov’s
K41 model [22]), the scaling exponents ζ(q) = q/3 [3,
15]. We analyze the data, displayed in Figs. 1 and 2 (at
09:40–10:40 UT on March 27, 2002), by fitting param-
eters β and ∆ of a log-Poisson turbulent cascade model
[25] for different experimental scalings:
(1)
where the β and ∆ parameters characterize intermit-
tency and singular dissipative structures, respectively.
For 3D isotropic turbulence, Z.S. She and E. Leveque
(SL) have proposed β = ∆ = 2/3 [5]. The Iroshnikov–
Kraichnan model [23, 24] leads to a reduction of the
problem symmetry. A Kolmogorov-type energy spec-
trum in magnetized plasma can also be derived in an
assumption regarding the critical balance [26]. The log-
Poisson model was modified for the MHD case to
account for the IK phenomenology [27] (MHD IK).
This phenomenology depends on the dimension of the
most intensely dissipative structures and their scaling
(the IK model supposes two-dimensional sheet-like
dissipative structures [27]).
To test the IK hypothesis, in Fig. 4a, we display the
relative exponent ζ(q)/ζ(4) dependence from the q for
different spacecraft data (cf. [15]). The scaling of a
GSE magnetic component Bx in MSH outside TBL on
June 19, 1998, is close to the IK scaling q/4. The same
is true for the SW Bx from Geotail recorded at the same
time interval on June 19, 1998, as the Bx in TBL on
Interball-1 [1, 15]. It infers that, generally, the BS does
not substantially change the SW statistical properties.
In contrast to the simultaneous SW data, the TBL Bx
data from Interball-1 [1] are deviated strongly from the
IK scaling. For the extremely disturbed TBL on Cluster 3
closer to the BS (cf. Fig. 2), surprisingly one sees a
ζ q( ) 1 ∆–( )q3--
∆




practically coincident scaling with that of Interball-1
near the MP.
In the finite pressure plasma, the magnetic fluctua-
tions could have different properties from that of the ion
flow. But, the scaling of the ion flow in TBL (see the
TBL ion flux in Fig. 4a and cf. Fig. 1) well fits that of
the Bx. Figure 4a demonstrates that the original IK phe-
nomenology does not describe the scaling property of
the intermittent turbulence in the TBL. At the same
time, they are not fitted by the MHD IK scaling [27].
Thus, the TBL turbulence is neither isotropic nor does
it have 2D dissipative structures.
We also look for a power-law dependence of Sq(τ)
on S3(τ), Sq(τ) ~ S3(τ)ζ(q)/ζ(3), i.e., for an extended self-
similarity (ESS, [15]). In the cases under study, [15]
demonstrates the ESS properties. We compare the scal-
ing of the Sq with the K41 and the SL models. The quiet
MSH and SW scalings deviate slightly more from the
K41 straight line than that of Fig. 4a from the IK
straight line. The TBL scalings differ from that of the
K41 turbulence as much as from the IK scaling.
ζ(q)/ζ(3) in the TBL also departs from the SL model
[28]. Instead, [15] demonstrates that the TBL dissipa-
tive structures are most likely the 1D filaments.
We have checked the plasma transport properties in
the jet regions by analyzing the particular cases dis-
played in Figs. 1, 2, 4 and published in [1]. For that pur-
pose, we display the fitted the log-Poisson parameters β
and ∆ in the table. The data in [14] approximates the
scaling of the diffusion coefficient as f ∝ τK(–1), where
K(q) = q – ζ(3q). It is a result of considering the average
over various initial walker starting positions; this is
equivalent to an ensemble averaging.
From the table for scaling (1), one gets K(–1) ≈
0.33–0.39. The average displacement of a particle
scales as: 〈δx2〉 ∝ fτ ∝ τΨ, with Ψ = 1 + K(–1) ≈ 1.33–
1.39 > 1, which infers the superdiffusion. Note that, for
the classical diffusion, Ψ = 1, as is the case for the MSH
and SW Bx (table, two bottom rows).
On the other hand, we also fitted the probability dis-
tribution of δτ|B | and δτVz from Cluster by a Levy func-
tion Lα = (1/π) cos(τx)dx at various τ.
In particular, corresponding to the proton cyclotron
frequency, we choose [17] τ = 1.4 s and the fits yield the
parameter [16–18] α ~ 1.66 or ~1.8, which give [17]
γ τα–( )exp∫
Table
Data type ∆ β K(–1)
TBL near MP, Bx, Interball-1 0.24 0.38 0.39
TBL near MP, ion flux, Interball-1 0.2 0.36 0.36
TBL downstream BS, |B|, Cluster 3 0.23 0.41 0.33
MSH, Bx, Interball-1 ≈0 1 ≈0
SW, Bx, Geotail (simultaneously with TBL near MP, Bx) ≈0 1 ≈0
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〈δx〉2 ∝ t2/α = t1.2 or t1.11 for the Cluster δτ|B| and δτVz,
respectively. For the Interball case, the Levy function
fitting for the magnetic vector rotation angles gives [16]
α ~ 1.2, and, respectively, 〈δx〉2 ∝ t1.67.
Finally, a further analysis was performed between
09:40 and 10:40 UT based on HIA Cluster 3 ion energy
[11],  = 0.5mp(δV)2, where δV = V – 〈V〉 and V is the
4 s HIA ion velocity (cf. Fig. 2). By applying the rank-
ordering statistics [21] to the  time series, we get [17]
〈δx〉2 ∝ t1.11.
We would like to outline that, in our scaling analy-
sis, we have excluded small scales comparable or less
than on the order of proton inertial length [13] (by the
respective averaging or using data with a low sampling
rate), which gives unrealistic (〈δx〉2) time scalings with
a power exponent over 2 [17, 14].
In spite of the scaling exponent spread, all of these
scalings correspond to the superdiffusion [17]. Thus,
qualitatively, we conclude that the MSH turbulence
including HKPJs exhibits signs of the plasma superdif-
fusion and anomalous plasma transport. It should affect
the effective deceleration of the MSH flow closer to the
MP (i.e., dissipate the kinetic energy in boundary lay-
ers) via carrying the downflow of the momentum
“excess” by the jets [1, 19], supporting the SW plasma
penetration across the high-latitude MP. Note that about
20% of the strongest jets on March 27, 2002 (see Fig. 2
and discussion above) are considerably deflected
towards the MP from the average direction of the MSH
flow, and, hence, these jets with Wk  Wb at the MP
could provide the superdiffusive transport inside the
high-latitude magnetosphere.
One could consider the possibility that the turbulent
reconnection, as proposed for the March 27, 2001 event
[12, 1], provides a method for the free flow of the super-
magnetosonic jets (with an interior Mach number
〈Mms〉 ~ 1.6) across the subsonic background MSH,
although the ambient magnetic-field energy density
cannot provide a substantial amount of energy density
for the jet generation. Kuznetsov et al. [29] proposed
the Alfvénic collapse under high ion-β conditions
(which holds in Fig. 2) to provide the local plasma
acceleration through the expulsion of plasma by the
collapsing magnetic fields. As for Fig. 2, the Alfvénic
collapse is not seen in the lower panel (thus, a local
acceleration via the Alfvénic collapse can be excluded),
so that the secondary reconnection at the jet borders
looks to be operative. Similar phenomena are known
from random “hot spots” in the laser plasmas [20],
which initiate the two-dimensional self-focusing of
laser beams into filaments.
To conclude this Letter, we recall that interacting
moving matters in the laboratory, in fusion plasmas as
in the tokamak [9, 15] boundary layer or laser plasmas
[20], in the heliosphere and also in astrophysical plas-
mas [6, 7] frequently generate localized jets with a high
kinetic energy density [3–10] exceeding the kinetic-,
thermal-, and magnetic-field energy densities of the
interacting components. Such systems are quite differ-
ent from each other, as regards their plasma parameters
and the physical processes which occur in them; never-
theless, they seem to display the collimating of the
kinetic energy into narrow spatial regions as a common
property. The dynamic plasma interaction advanced in
this paper differs from the classic one [31]. The analysis
of Interball and Cluster data indicates a more sophisti-
cated scenario of the plasma flow braking. Before the
final (asymptotic) plasma thermalization downstream
from the BS, a number of localized HKPJ structures are
formed within the MSH, which could have numerous
important dynamical implications discussed above.
The correspondence between the jets and
Alfvénic/magnetosonic [13] eigenstates, which are
localized in the density humps, is analogous to the cor-
respondence between the discrete eigenstates of the
one-dimensional nonlinear Schrödinger equation
whose stationary solutions are solitons [20].
In most cases, the jet-flux amplitude and jet duration
indeed resemble a standard flow quantization. Savin
et al. [1] suggested that the maser-like flow quantiza-
tion by self-focused jets is due to the transition of a flow
from a metastable state with a super-Alfvénic velocity
to a stable state with Alfvénic or sub-Alfvénic flows.
The latter state permits the magnetic-stress balance
(i.e., a force-free equilibrium) that minimizes the total
energy of the flow-obstacle interaction. As a conse-
quence, the MSH flux aims at the SW flux levels (cf. the
background Wk in Fig. 1).
This was also the case on June 19, 1998 [1, 19].
Thus, the jets can provide a considerable input into a
quasi-static flow balance in the MSH. This is a task for
future investigation to illuminate the interrelation
between the above mechanisms of the jet generation for
the different types of jets [4–7, 15].
Nature seems to “prefer” highly nonuniform equi-
libriums with large excesses of free (in our case,
kinetic) energy. The mechanism of jet generation is still
barely understood; its further study should shed light on
the inherent transient dynamics of plasma streaming [6,
7, 15] and its transport properties.
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